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purged with argon for 5 min and then charged through the open neck with N,Ndimethylformamide (50 mL via syringe) (Note 7), 4-penten-1-ol (8.93 mL via syringe, 7.50 g, 87.1 mmol, 1.00 equiv) (Note 8), and imidazole (5.93 g, 87.1 mmol, 1.00 equiv) (Note 2) . The open neck is capped with a rubber septum. The stirred solution is cooled in an ice bath for 5 min, and then chlorotriethylsilane (14.6 mL, 13.1 g, 87.1 mmol, 1.00 equiv) (Note 9) is added over 4 min via syringe. The reaction mixture is stirred at rt for 24 h. The progress of the reaction is followed by TLC analysis on SiO 2 (20% EtOAc/hexanes as the eluent; visualization with a KMnO 4 stain; the alcohol starting material has an R f = 0.2, and the silyl ether product has an R f = 0.7) (Note 5). After the alcohol has been consumed, the reaction mixture is poured into a mixture of pentane (300 mL) and water (60 mL) in a 500-mL separatory funnel. The organic layer is separated and washed with brine (3 × 50 mL). The organic solution is dried over MgSO 4 (30 g) and then vacuum filtered through a Büchner funnel containing a bed of celite (1.0 cm height). The filtrate is concentrated by rotary evaporation (20 mmHg, 30 °C), and the residue is transferred to a 50-mL round-bottomed flask equipped with a magnetic stirbar (octagonal, molded pivot ring, 15 mm length and 7 mm diameter) and a short-path distillation head. The residue is distilled under vacuum (bp 77-79 °C at 8 mmHg), which provides the desired silyl ether 2 as a colorless oil (15.2-15.7 g, 87-90% yield) (Note 10).
C. (5-(9-Borabicyclo[3.3.1]nonan-9-yl)pentyloxy)triethylsilane (3)
An oven-dried, 200-mL, round-bottomed flask equipped with an argon inlet and a magnetic stirbar (octagonal, molded pivot ring, 25 mm length and 6 mm diameter) is purged with argon for 10 min. The open neck is capped with a rubber septum, and then a solution of 9-borabicyclo[3.3.1]nonane (9-BBN; 0.50 M in THF; 72 mL, 36 mmol, 1.0 equiv) (Note 11) is added via syringe. Next, triethyl(pent-4-enyloxy)silane (2) (7.21 g, 36.0 mmol, 1.0 equiv) is added via syringe over 3 min to the solution of 9-BBN. The reaction mixture is stirred for 3 h, at which time all of the starting olefin is consumed as determined by TLC analysis (pentane as the eluent; visualization with a KMnO 4 stain; the olefin starting material has an R f = 0.2) (Note 5). This solution is used directly in the next step.
D. (13-Chlorotridecyloxy)triethylsilane (4)
An oven-dried, 1000-mL, three-necked, round-bottomed flask equipped with a thermometer inlet, a thermometer, a magnetic stir bar (octagonal, molded pivot ring, 40 mm length and 10 mm diameter), and an argon inlet is purged with argon for 10 min. Palladium(II) acetate (270 mg, 1.20 mmol, 0.040 equiv) (Note 12), tricyclohexylphosphine (673 mg, 2.40 mmol, 0.080 equiv) (Note 13), and tripotassium phosphate, monohydrate (K 3 PO 4 ·H 2 O; 8.28 g, 36.0 mmol, 1.2 equiv) (Note 14) are added through the open neck of the flask. Then, the open neck is capped with a rubber septum, and the solution of (5-(9-borabicyclo[3.3.1]nonan-9-yl)-pentyloxy)triethylsilane (3) prepared in Step C (36 mmol, 1.2 equiv) is added to the flask via syringe, followed by the addition of 1-bromo-8-chlorooctane (1) (6.83 g, 30.0 mmol, 1.0 equiv). The resulting dark-brown heterogeneous reaction mixture is stirred vigorously at rt for 24 h. The progress of the reaction is followed by TLC analysis on SiO 2 (25% CH 2 Cl 2 / hexanes as the eluent; visualization with a KMnO 4 stain; the alkyl bromide starting material has an R f = 0.5, and the cross-coupling product has an R f = 0.4) (Note 5). Next, the mixture is diluted with diethyl ether (200 mL) and filtered through a sintered glass funnel containing SiO 2 (7.0 cm diameter × 5.0 cm height). The SiO 2 is washed with additional diethyl ether (200 mL), and the combined filtrate is concentrated by rotary evaporation (20 mmHg, 30°C ). The residue is purified by column chromatography on SiO 2 ( Note 15). The desired cross-coupling product 4 has R f = 0.7 (TLC analysis on SiO 2 : 50% CH 2 Cl 2 /hexanes as eluent, visualization with KMnO 4 ) ( Note 5). The cross-coupling product is obtained as a pale-yellow oil (9.63-10.10 g, 92-96% yield) (Note 16).
Discussion
The palladium-catalyzed coupling of organometallic compounds with aryl and vinyl halides is a now-classic method for carbon−carbon bond formation. 3 In contrast, until recently, the corresponding reactions of alkyl halides were relatively uncommon. 3 Slow oxidative addition and facile β-hydride elimination have been suggested as two of the possible culprits for this comparative lack of success (Scheme 1). With respect to the Suzuki reaction, prior to 2001 only one somewhat general method had been described for achieving cross-couplings of unactivated, β-hydrogen containing alkyl electrophiles, specifically, a Pd(PPh 3 ) 4 -catalyzed process for coupling alkyl iodides. 5 We have determined that, through the appropriate choice of ligand, palladium-catalyzed Suzuki cross-couplings can be accomplished with an array of unactivated alkyl bromides, chlorides, and tosylates that bear β hydrogens.2 , 6 ,7 Specifically, bulky electron-rich trialkylphosphines furnish particularly active catalysts. For example, in the case of alkyl bromides, Pd(OAc) 2 /PCy 3 achieves the desired coupling under mild conditions (room temperature; Table 1 ). The process is compatible with a broad spectrum of functional groups, including amines, alkenes, esters, alkynes, ethers, and nitriles. Furthermore, an alkyl bromide can be cross-coupled selectively in the presence of an alkyl chloride (equation D). Not only alkylboranes (entries 1-6), but also vinylboranes (entry 7), serve as suitable coupling partners.
This method for Suzuki coupling of alkyl bromides has been employed by others, e.g., by Phillips to achieve late-stage fragment couplings in natural-product total synthesis (Scheme 2). 8
Scheme 1.
A Generalized Mechanism for Palladium-Catalyzed Cross-Coupling of an Alkyl Electrophile.
Scheme 2.
Applications in Total Synthesis of Pd/PCy 3 -Catalyzed Alkyl-Alkyl Suzuki Reactions: Fragment Couplings.
